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The utilization of glass as an aggregate in asphaltic 
concrete pavements has been suggested as a means for reusing 
the increasing amounts of waste glass generated each year in 
the United States. Recent studies have shown that asphaltic 
mixtures containing glass aggregates can be designed to meet 
Marshall requirements for stability, flow and void content 
but the abrasiveness of mixtures containing glass aggregates 
had not been investigated. The objectives of this study 
were to develop a laboratory wear testing apparatus and 
compare the abrasiveness of asphaltic concrete mixtures 
using glass aggregates with the abrasiveness of mixtures 
using several different conventional aggregates. 
Equipment and procedures were developed to assess the 
relative abrasiveness of laboratory prepared specimens and 
field specimens containing glass and conventional aggregates 
by spinning a rubber wheel on the specimen surface and 
measuring the resulting weight loss of the wheel. Based 
upon the results of the tests conducted, it was concluded 
that coarse glass particles cause more wear than limestone 
or gravel coarse aggregates while no difference in wear 
results when traprock coarse aggregates are replaced by 
coarse glass. Replacement of either limestone or traprock 
fine aggregate by fine glass in mixtures containing lime-
stone coarse aggregate increased wear while no difference in 
wear results when fine glass substituted for river sand. 
However, in mixtures containing gravel coarse aggregate, 
fine glass causes more wear than river sand. 
iii 
Since the effects of skid resistance and aggregate 
angularity upon wear were found to differ from effects 
reported in a previously published study of tire wear, it 
was concluded that the testing method developed might not 
accurately reflect differences in tire wear resulting from 
surfaces of varying composition. Modifications in the 
testing method to minimize abrasion of the specimen surface 
during testing are suggested. 
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I. INTRODTICTION 
A. Statement of the Problem 
Our society has recently recognized the importance of 
devising improved means for the disposal of solid waste. 
With the steady growth of the modern packaging industry, the 
problem of solid waste disposal is more complex than ever 
before. The benefits of modern packaging include the 
convenience and cleanliness of ready-processed foods, the 
wide distribution of merchandise, and the availability of 
self-service goods resulting in cheap and abundant products. 
Consumption of packaging materials amounts to some 55 
million tons per year in the United States. This packaging 
consists of about 56 percent paper, 18 percent glass, 14 
percent metals, 7.5 percent wood, and 3.5 percent plastics 
( l) • 
Sanitary landfills and incineration have been the 
customary methods for solid waste disposal, but there are 
problems associated with these methods. Seepage through 
landfills causes contamination of ground water. Many urban 
areas do not have enough room for more landfills in which 
to bury the refuse and hauling to distant sites is expensive 
and often arouses opposition. Incineration, on the other 
hand, does not provide a long term solution; 20 to 30 percent 
of refuse does not burn, and what does burn may contribute 
to air pollution. 
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A new approach to the problem that appears promising is 
recycling, that is to re-use the refuse. With many natural 
resources disappearing, recycling is an appropriate means 
for conserving resources as well as minimizing the need for 
new landfill sites. The ultimate long term answer to the 
solid waste disposal problem may well be recycling on a 
massive scale. 
One portion of the solid waste consists of glass, which 
comprises 8 to ll percent of the raw refuse by weight (2) 
and about 44 percent of the residue left after incineration 
of the waste (3). Although recycling of the glass is 
feasible, conservation of natural resources is not a 
critical factor because the raw materials needed for glass 
manufacture have nearly an inexhaustible supply. However, 
recycling this component is still considered to be desirable 
in that it would reduce the volume of the material to be 
placed in sanitary landfills. 
Glass may be re-used in making new bottles if it is 
color-sorted and virtually free of non-glass components such 
as metals. However, the economics of this means for 
recycling hinges upon the close proximity of a glass plant in 
the area where wastes are collected so that transportation 
costs are not excessive. The use of glass in building 
materials such as bricks, tiles, and insulation materials 
may be a more feasible solution in areas where primary 
recycling is not economical. 
Recently, it has been shown that waste glass can be 
substituted for conventional aggregates in asphaltic 
concrete. This would provide a market for glass reclaimed 
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from municipal refuse. "Glasphalt" is the name given to the 
bituminous concrete mixture using crushed glass as 
aggregate. 
A series of investigations has been undertaken at the 
University of Missouri-Rolla to evaluate the properties and 
performance of glasphalt. The conclusions based on the 
above studies were that glasphalt can be designed to satisfy 
the Marshall Design Criteria for medium traffic as suggested 
by the Asphalt Institute (4), stripping of asphalt from the 
glass due to presence of water can be reduced by using an 
anti-stripping compound or eliminated by using a hydrated 
lime mineral filler in the mixture, and that conventional 
operations for placing and compacting can be used with the 
glasphalt mixture (5, 6). 
There has been some concern that pavements containing 
glass aggregates might cause more wear of automobile tires 
than a conventional aggregate pavement owing to the sharp 
and angular shape of the glass particles. There have been 
no investigations to justify the above concern. No standard 
laboratory method of testing is available for determining 
tire wear from different pavement surfaces and very little 
research has been conducted in this area. 
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B. Objectives 
The objectives of this investigation were: 
1. To design an apparatus which could be used to 
determine the abrasiveness of small asphaltic concrete 
specimens in the laboratory. A laboratory apparatus 
was desired, because road testing is expensive and time 
consuming. Small scale laboratory testing would also 
permit the testing of various compositions without 
placing large pavements in the field. 
2. To compare the abrasiveness of asphaltic concrete 
surfaces using glass aggregates with abrasion resulting 
from conventional asphaltic concrete surfaces using 
different aggregates. 
c. Scope 
A laboratory test has been developed to determine the 
relative abrasiveness of paving mixtures containing glass 
and conventional aggregates without resorting to expensive 
road tests which require large amounts of the paving 
materials. A comparison of the abrading properties of glass 
aggregate was made with the characteristics of different 
combinations of other conventional aggregates in use. No 
attempts were made to relate the tire weight loss and road 
miles traveled. 
II. REVIEW OF LITERATURE 
The review of literature revealed that only a small 
amount of work has been done in the area of tire wear. 
Most of the research in this area is devoted to studying 
the wear characteristics of the tire itself or of the 
materials it is made of, but very little data are avail-
able relating the properties of the pavement to the tire 
wear. No complete theoretical description for the 
phenomenon of the tire friction exists today. Although 
various theories have been proposed, they are not in 
agreement with each other. However, a substantial amount 
of experimental data does provide a basis for drawing some 
conclusions on which to base future investigations. 
Tests for predicting tire performance can be placed 
in two categories: indoor tests involving a single tire 
running on a test surface, and outdoor tests on the road 
with the tires actually mounted on the vehicle (7, 8). 
The first category includes laboratory tests where a 
rolling drum device is most commonly employed. Generally, 
these tests are run on a machined-steel surface, but 
occasionally, knurled aluminum plates have also been used. 
The errors resulting from drum testers as compared to flat 
road testers range from zero to as high as 25 to 30 percent 
with errors of 10 percent being quite common (9). The drum 
machine has the chi~f advantage of high speed capability. 
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Disadvantages are the curved surface and difficulty in 
instrumenting or changing it. Also, equipment to provide 
torque at high speed becomes large (10). 
Other types of laboratory tests are categorized as 
flat-bed tests. Flat surface machines have the limitation 
of low speed, but most of the limitations of the drum-type 
machines are not present. One of their prime advantages is 
that they permit the testing to be done on especially 
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prepared test surfaces (11). The B.F. Goodrich flat surface 
machine is a device for driving a flat surface beneath a 
loaded, steered, cambered, and torqued tire, while 
simultaneously measuring all the forces and torques acting 
on the tire (10). 
Loss-of-weight or tread-depth measurements can be used 
to measure tire wear. Mandel et al. (12) conducted a study 
to compare the effectiveness of the two methods mentioned 
above and found the loss-of-weight method to be more 
advantageous than the tread-depth method. Although depth 
measurements might be slightly more reproducible, weight 
measurements were more sensitive in detecting differences in 
the rate of tread wear. The weight loss of a tire per 1000 
miles of test tended to be constant, while the corresponding 
depth loss decreased as the amount of tread diminished. 
Furthermore, if the tire failed during the test, the tread 
of the substituted tire should have been worn about the same 
amount when depth measurements were taken. Also, the 
relative rating of two tires by depth measurements was not 
constant, but varied with the length of the test. 
Carpenter (13), in his early studies (1924-25) at 
Washington State College, indicated that tire wear depended 
on speed, temperature, and the type of road surface. Tire 
wear was greater on poor macadam than on good macadam, and 
more on good macadam than on concrete. Waller (14), in 
1929, gave relative tire wear index numbers to different 
road surfaces; based on an index value of one for average 
concrete, the numbers were two for good gravel and macadam, 
four to five for average western macadam or uncrushed chert 
gravels, and ten to eleven for unusually unfavorable 
surfaces. 
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Later, in 1940, in a study involving the use of eight 
automobiles and 450,000 miles of carefully controlled 
driving, Moyer (15) indicated that the rate of tire wear was 
affected by each of fifteen separate factors. It was 
determined that tire wear was directly influenced by: car 
speed; rate of braking and acceleratitig~ type of roadway 
surface; tire inflation~ wheel alignment and wheel balance; 
atmospheric temperature; tire switching or "rotation" from 
one wheel position to another around the car; highway curve 
and grade; type, grade and age of tire; mechanical 
condition of the car~ and driving habits of the operator. 
Variation in car speed and roadway surface texture were 
shown to be the two major factors affecting tire wear. 
When the wheels of the car were out of alignment, the 
continuous braking effect caused tire wear at a rate as high 
as ten times the normal rate. Wear rates on bituminous 
surfaces dressed with "chat" chips were four to five times 
the rates on surface dressed with sand, crushed gravel, or 
limestone chips, because the "chat" chips were hard and 
sharp. 
The findings of Moyer were later confirmed by other 
investigators (11, 12, 16, 17, 18, 19). Segal et al. (11) 
listed the same factors under four categories: dynamic 
variables, interface contamination, road properties, and 
tire properties. Under the first category were speed, slip 
vector, normal load, and vertical tilt angle. They 
indicated that these are truly system variables and are of 
interest to the vehicle dynamicist only. Water, mud, oil, 
and other contaminants generally found on the road 
constituted the second category. A film of water occurs 
very commonly on the road and is known to affect the tire 
friction dramatically. The rubber can be easily cut under 
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wet conditions (20), but rubber abrasion on dry surfaces has 
been reported to be greater than that on wet surfaces (21). 
The variables under the third item categorized as road-
properties present the most difficulties in control. These 
variables are: geometry (macro- and micro-), temperature, 
and material properties. The last category of tire-road 
interface variables includes: geometry (gross and tread) , 
inflation pressure, carcass construction, and material 
properties. The only factor in this class which is a test 
variable is inflation pressure; all others are tire 
intrinsic characteristics and are considered as fixed. 
Recently, in a study by Lowne {21) conducted in Great 
Britain, attempts were made to assess the effect of road 
surface characteristics on tire wear. It was determined 
that increase in roughness of the surface had a relatively 
small effect on wear, the major factor being surface 
harshness. The wear on a rough harsh surface was 
approximately three times as severe as that on a rough 
polished surface. Harshness is defined as the texture on 
the micro-scale. Lowne concluded that the shape of the 
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asperity tips and low speed wet coefficient of friction were 
the two major factors affecting tire wear and could be used 
to predict wear to a high degree of significance. 
Temperature is said to be the most important factor 
influencing the tread wear of tires. Surface degradation by 
oxidation plays a prominent role in tread wear, which is 
further intensified by increase in temperatures {22). 
Grosch {23) indicated that relative wear ratings of 
different tread compounds depend only on the tire surface 
temperature. His findings were based on a series of road-
wear tests of tires carried out over a wide range of weather 
and road conditions. Coddington et al. (24) described heat 
buildup as a major factor in durability of a tire, 
particularly with respect to internally initiated tread 
10 
separations resulting from thermal degradation. A 
correlation between tire durability and running temperature 
was established. Ambient temperature was said to have an 
effect on running temperature to varying degrees, becoming 
less significant as other operating conditions such as load, 
speed, and inflation become more severe. 
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III. EXPERIMENTAL PROCEDURES 
A. Development of Equipment 
A laboratory testing apparatus was developed to 
determine the relative abrasiveness of compacted paving 
mixtures using aggregates of varying composition and shape. 
The apparatus consisted of a rubber wheel of a standard 
composition which was rotated while in contact with a small 
sample of the compacted paving mixture. Weight loss for the 
wheel was measured and used as an indication of the 
abrasiveness of the surface. 
The design of the equipment was suggested by the 
B.F. Goodrich Company (25) and Fig. 1 shows the apparatus as 
built. The test wheel {4-in. in diameter, 1/2-in. wide, and 
prepared from the standard ASTM E-17 Skid Compound) was 
mounted on an axle supported by two ball bearing assemblies, 
one on each side of the tire. The wheel was fixed rigidly 
to the axle by means of four bolts passing through the tire 
to prevent any possible slippage. The axle was rotated by 
a 3/8-in. electric drill with a gearing assembly and speed 
control to provide speeds in the range of 50 to 250 r.p.m. 
A tachometer was connected to the axle to record the speed. 
The drill and the ball bearing assemblies were mounted 
on a wooden board in such a way that the wheel was directly 
beneath the center of gravity of the board. The board was 
counterweighted to balance the weight evenly on the wheel 
without any eccentricity and was attached to a vertical 
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shaft which passed through two sleeve bearings. The 
sleeve bearings supported the shaft in a horizontal direc-
tion and were lubricated periodically to minimize friction. 
Additional weights could be placed on a platform affixed 
at the top of the vertical shaft to obtain the desired 
pressure. 
The lower part of the apparatus consisted of a wooden 
platform on which the asphaltic concrete specimens were 
placed and clamped in position. The platform was mounted on 
two horizontal steel shafts; this arrangement permitted the 
lateral movement of the specimen along its shorter side. 
Two slotted pieces of wood were nailed to the top of the 
platform allowing the specimen to slide between them along 
its longer side. By doing so, the specimen was free to move 
in any direction and the tire could be run on any position 
on the specimen. The test specimen was prevented from 
sliding by dropping two small steel bolts in holes drilled 
on the platform for this purpose. The whole assembly was 
mounted in a frame made by joining pieces of angle irons. 
B. Fabrication of Specimens 
Two sets of sixteen specimens each were molded to 
measure abrasiveness of mixtures containing differing 
aggregate types. 
Gradation on a volume basis for all specimens is shown 
in Table I. This gradation was used by Korth (3) in test 
patches placed in a Rolla city street. Since aggregates used 
in the study had varying specific gravity values, weights 
were adjusted to keep the gradation by volume constant for 
all specimens. 
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The first set of sixteen specimens was used to study 
the effects of four differing coarse aggregates (materials 
larger than the No. 8 sieve) on abrasiveness. The fine 
fraction in all of these specimens was crushed non-
returnable bottle glass which was sieved into six size 
fractions ranging from material passing the No. 8 and 
retained on the No. 16 sieve to material passing the No. 200 
sieve. A washed sieve analysis was conducted on each size 
fraction and the results were used in combining the sizes to 
produce the desired gradation. Each specimen contained one 
percent hydrated lime by weight of the aggregate since this 
was necessary to control stripping. Coarse aggregates used 
were glass, traprock, crushed limestone, and river gravel, 
which were sieved into three size fractions: 1/2 to 
3/8-in., 3/8-in. to No. 4, and No. 4 to No. 8. Properties 
of the coarse aggregates are shown in Table II. The glass 
particles were produced by crushing non-returnable bottles 
in a hammer mill, while the other coarse aggregates were 
locally available materials. 
The asphalt content for all specimens was 5.5 percent 
{total weight basis). Four specimens containing four 
different coarse aggregates were made on each of four 
different days. 
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Procedures for preparation of materials and mixing 
were in accordance with ASTM D 1559. A Standard Marshall 
compaction hammer was modified by adding a rectangular 
compaction plate (3 1/2-in. by 6-in.) and each specimen was 
compacted with 100 blows on one side only. The unit weight, 
air voids, and voids in the mineral aggregate for the 
compacted specimens are shown in Table III. 
The second set of sixteen specimens was used to studv 
the effects of four differing fine aggregates (materials 
finer than No. 8 sieve) on abrasiveness. The coarse fraction 
for all of these specimens was the crushed limestone 
described previously. The fine aggregates used were glass, 
crushed limestone, river sand, and crushed traprock. In 
order to determine the angularity of these aggregates a 
procedure suggested by Rose and Havens (26) was used. This 
procedure requires that the material of a particular size 
fraction be poured into a cylinder of specified size from a 
funnel of specified shape and size. Any additional material 
above the top of the cylinder is struck off and the contents 
of the cylinder are weighed. The percent void ratio of this 
material, which is an indication of angularity, is then 
calculated based upon the specific gravity of the aggregate. 
Details of this procedure are given in Appendix D. Results 
of these measurements and other aggregate properties are 
shown in Table IV. 
The asphalt content for all specimens was again 5.5 
percent (total weight basis) and one percent hydrated lime 
by weight Of the aggregate was added to each specimen. 
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Procedures for preparing the materials, mixing, and 
compaction ~ere as previously described. ~our specimens 
containing four different fine aggregates were made on each 
Of four different days. The compacted unit weight, air 
Voids, and voids in the mineral aggregate for each set of 
specimens a~e shown in Table v. 
!n order to assess the abrasiveness of asphaltic 
mi~tures which had been subjected to traffic and weathering, 
specimens were cut from patches which had been placed in a 
city street by Korth (3) for his study of skid resistance. 
Be utilized five different mixtures as shown in Table VI. 
The gradation for aggregates used in this study was identical 
to the gradation used in the laboratory fabricated specimens 
and the effective asphalt content was approximately 5.5 
percent. Laboratory Marshall properties of specimens used 
in designing the mixtures and field Marshall properties of 
the mi~tures are given in Tables VII and VIII. 
five 12-in. by 18-in. patches, each containing a 
different mi~ture were placed in the wheel path of a Rolla 
city street carrying 700 to 850 vehicles per day. After 
two years of service, samples were sawed from the pavement 
and the density was determined prior to testing the surfaces 
far a~~asiveness. The unit weight resulting after two years 
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of service and expressed as a percentage of the laboratory 
50-blow Harshall density obtained for field samples is given 
in Table IX. 
C. Testing Procedures 
Ten locations on the specimen surface were chosen by 
superimposing a numbered grid on the surface and randomly 
choosing ten numbers corresponding to ten different 
locations. 
The test wheel was weighed and mounted in the apparatus, 
placed on the first location, then rotated for three minutes 
at 100 r.p.m. while in contact with the surface. It was 
then moved within thirty seconds to a new location and 
rotated for three minutes at 100 r.p.m. This procedure was 
repeated at each of the remaining locations with a thirty 
second interval in which to position the wheel, after which 
the wheel was removed from the apparatus and weighed to 
determine weight loss. 
A test was conducted on both sides of each laboratory 
compacted specimen and a different wheel was used for each 
of the four mixtures containing different aggregates which 
were made on the same day. Thus there were four replications 
requiring four wheels each for the coarse and fine series 
testing. 
In testing the samples cut from patches which had been 
in service for two years, six specimens were cut from each 
of the five patches. Three different wheels were used and 
each wheel was used on two specimens. 
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During testing, as the temperature of the wheel 
increased, the specimen surface was severely abraded by the 
wheel. Fig. 2 shows the specimen surface appearance before 
and after testing. An attempt was made to decrease this 
abrasion by inserting a spring between the top sleeve 
bearing and the loading platform. This reduced the contact 
pressure on the wheel from 55 to 31 p.s.i. However, in 
tests conducted at this loading, wheel weight losses were 
extremely small, making it difficult to draw conclusions 
about differences in specimen composition. A further 
attempt to decrease the abrasion was made by increasing the 
number of locations on the test specimen from ten to fifteen 
and decreasing the test period from three to two minutes per 
location. This procedure, however, still produced surface 
abrasion. Consequently, it was decided to conduct the tests 
at ten locations with a three-minute duration at each 
location. 
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IV. TEST RESULTS AND DISCUSSION 
Weight losses measured in the three sets of tests 
conducted are shown in Tables X, XI, and XII. An analysis 
of variance procedure {Appendix C) was used to determine 
whether there was a statistically significant difference in 
weight loss among the various aggregate combinations tested. 
Where a significant difference was indicated, single degree 
of freedom comparisons were made to compare glass aggregates 
with the conventional aggregates used. The calculations 
for the statistical analyses are shown in Tables XIII 
through XVIII. 
In the series of specimens containing different coarse 
aggregates, the analysis of variance indicated a significant 
difference in weight loss among the means. Single degree of 
freedom comparisons showed that the mean weight loss for 
mixtures containing glass coarse aggregate was greater than 
that for mixtures containing either limestone or gravel 
coarse aggregates. Thus, replacement of either limestone or 
gravel by coarse glass could be expected to increase the 
abrasiveness of a pavement surface. There was no 
significant difference in weight loss when specimens 
containing traprock and glass were compared. 
For specimens containing different fine aggregates, the 
analysis of variance also indicated a significant difference 
in weight loss among the means. Single degree of freedom 
comparisons showed that the mean weight loss for mixtures 
containing glass fines was greater than that for mixtures 
containing either limestone or traprock fines. There was 
no significant difference in weight loss when specimens 
containing fine glass and river sand were compared. 
Replacement of either limestone or traprock sand by fine 
glass could be expected to increase the abrasiveness of a 
pavement while no difference in abrasiveness would be 
expected to result from the substitution of fine glass for 
river sand. 
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Results of wear testing on the field samples were in 
agreement with the previous tests when mixtures containing 
coarse glass aggregates were compared with mixtures 
containing conventional coarse aggregates. The mean weight 
loss resulting from tests on all-glass mixtures was 
significantly higher than weight losses measured for gravel-
glass and limestone-glass mixtures. Comparison of weight 
losses between limestone-glass and limestone-sand mixtures 
also confirmed the above finding that no significant 
differences in wear resulted from the substitution of fine 
glass for river sand. However, a significant difference in 
weight loss was found when comparing gravel-sand and gravel-
glass mixtures. The gravel-glass mixture resulted in 
higher weight losses than were found with gravel-sand 
mixtures. 
It is interesting to compare these results with data 
obtained by Lowne (21) in a study of the effect of road 
surface texture on tire wear. According to Lowne, tire wear 
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can be predicted from the relationship 
W = 76 N Cota + 52P - 25.7 
where W is the wear rating of the surface, N Cota is a 
factor which is proportional to the density and shape of 
asperity tips, and P is the coefficient of wet friction as 
measured by the British portable skid resistance tester. 
~1acro-texture, indicated by surface roughness which can be 
seen by eye, was found to be only a slightly modifying 
factor in tire wear, whereas micro-texture, which describes 
the state of polish of the surface, was of major importance. 
The coefficient of wet friction was measured with a 
British portable tester on the field patches immediately 
before they were tested in the abrasion apparatus. The data 
obtained are shown in Table XIX. If average weight loss is 
plotted versus coefficient of wet friction, as shown in 
Fig. 3 1 a trend toward decreasing weight loss with increasing 
skid resistance is noted. Lowne's relationship indicates 
that higher coefficients of wet friction should produce 
higher wear if N Cota remains constant. If N Cota also 
varies, it is possible that an increase in this value would 
overshadow a decrease in coefficient of wet friction causing 
the wear to increase. This is especially possible in view 
of the fact that the maximum difference in coefficient of 
wet friction among the five patches tested was only 0.078. 
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The value of N Cota was determined by Lowne through the 
use of stereo-photogrammetry. Since the equipment for 
making this determination was not available, it was 
necessary to make a qualitative estimate of differences in 
this factor among the mixtures studied. The major factors 
determining the N Cota values are the density of asperities, 
and the semi-angle (21) of the apex of the asperity, 
assuming wedge or conical shape. Since gradation was kept 
constant for all mixtures, the density of asperities can 
reasonably be assumed to remain constant. Thus, N Cota 
should increase with decreasingaor increasing angularity. 
If both mixes containing gravel aggregate are compared, it 
is seen that changing the fine aggregate from river sand to 
glass increases the wear. Since the angularity of fine 
glass particles is greater than the angularity of river sand 
(Table IV), it is possible that the change in N CQta can 
explain this difference. However, if both mixes containing 
limestone aggregate are compared, no difference between 
mixtures containing glass fines and river sand is noted. 
The data from tests on laboratory compacted specimens with 
differing fine aggregates also indicate no difference in 
wear between mixtures containing fine glass and sand. In 
fact, if angularity is plotted versus weight loss, Fig. 4, 
there is a trend toward decreasing weight loss with 
increasing angularity. These data thus do not confirm 
Lowne's findings. 
Other parameters not considered in Lowne's tire wear 
expression were investigated to determine whether they had 
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a consistent effect upon wear. A plot of Moh's hardness ver-
sus wear for both the coarse and fine test series, Fig. 5, 
shows little relationship between aggregate hardness and 
wear. 
Surface texture depth was measured (27) on Korth's 
patches and a plot (Fig. 6) of texture depth versus wear 
indicates that wear increases with increasing texture depth 
(rougher surface) . Lowne concluded that surface roughness is 
only a minor factor influencing tire wear, but these results 
suggest that wear may be more closely related to surface 
texture than to wet coefficient of friction or micro-texture. 
This finding is surprising since as was mentioned 
previously, the surface of the specimens was severely 
abraded by the wheel in laboratory tests. This abrasion 
destroyed the surface so that the effect of original surface 
texture would be thought to occur only during the initial 
stages of the test. Further modification of the test 
procedure to eliminate surface abrasion would permit a 
better assessment of the effects of surface texture on wear. 
V. CONCLUSIONS AND RECOMMENDED FURTHEP. RESEARCH 
Based upon the results of the testing procedure used 
in this study the following conclusions can be drawn: 
1. Substitution of coarse glass for either limestone 
or gravel could be expected to increase the 
abrasiveness of a pavement surface. Coarse glass 
may replace traprock aggregates without altering 
surface abrasiveness. 
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2. Replacement of either limestone or traprock sand 
by fine glass for mixtures containing limestone 
coarse aggregate could be expected to increase the 
abrasiveness of a pavement, while no difference in 
abrasiveness would be expected to result from the 
substitution of fine glass for river sand. 
However, for mixtures containing gravel coarse 
aggregate, substitution of glass fines for river 
sand results in greater wear. 
3. An all-glass pavement could be expected to be more 
abrasive than a conventional aggregate pavement. 
It could also be expected to be more abrasive than 
a gravel-glass pavement or a limestone-glass 
pavement. 
However, the results obtained using the apparatus devel-
oped in this investigation do not a9ree with results in 
previously published tire wear studies. Increasing 
coefficients of wet friction resulted in decreasing wear, 
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and increasing angularity of the fine aggregate also seemed 
to decrease wear. Increasing initial texture depth resulted 
in greater wear for the mixtures which were exposed to 
traffic for two years prior to wear testing. A previous 
study of tire wear, however, had indicated that surface 
roughness, as measured by texture depth, was not of major 
importance. Consequently, the testing method may not 
accurately reflect differences in tire wear resulting from 
surfaces of varying composition. 
Further modifications of the testing method should be 
made to reduce the abrasion of the surface produced by the 
spinning wheel. A combination of reduced speed and load and 
increased number of locations as well as duration of testing 
might be used to overcome this problem. Dust may be applied 
to specimen surface during testing to represent service 
conditions better (28); this might prevent the gumming 
action of the wheel on the specimen surface and reduce 
abrasion. 
Additional data concerning the effect of texture depth 
on wear are needed. Specimens containing glass aggregates 
and exposed to varying traffic conditions to produce a 
range in texture depths could be tested to determine whether 
there is a correlation between surface roughness and wear. 
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AGGREGATE GRAD.A.TION FOR LABORATORY COMPACTED SPECIMENS 













































































































PROPERTIES OF FINE SERIES SPECIMENS 
Mix Unit Air Voids Voids in 
Weight (%) Mineral 
(pcf) Aggregate 
(% ) 
Limestone- 139.7 5.44 15.14 
Glass 
Limestone- 142.0 8.57 17.97 
Traprock 
Limestone- 142.4 5.96 13 •· 51 
Limestone 





~~TERIAL COMBINATIONS USED FOR FIELD PATCHES 
Sieve Size Aggregate 
+3/8-in. Glass Limestone Gravel Gravel Limestone 
+No. 4 Glass Limestone Gravel Gravel Limestone 
+No. 8 Glass Limestone Gravel Gravel Limestone 
+No. 16 Glass Glass Sand Glass Sand 
+No. 30 Glass Glass Sand Glass Sand 
+No. 50 Glass Glass Sand Glass Sand 
+No. 100 Glass Glass Sand Glass Sand 
+No. 200 Glass Glass Sand Glass Sand 
-No. 200 Lime Lime Lime Lime Lime 
Glass Glass Sand Glass Sand 
a 
Taken from reference (3). 
TABLE VII 
a 
LABORATORY MARSHALL TEST RESULTS FOR PATCHING MIXTURES 
Mix AsEhalt Contentb Unit Air VM.A Stability 
Effective Total Weight Voids (%) ( lbs.) 
(%) (%) (pcf) (%) 
All-Glass 5.51 5.51 139 .. 0 3.51 15.56 535 
5.51 5.51 138.7 3.77 15.88 490 
Limestone- 5.43 6.47 140.4 3.66 15.73 725 
Glass 5.43 6.47 140.5 3 .. 60 15.69 790 
Gravel- 5.50 6.28 140.1 2.82 15.07 1175 
Sand 5.50 6.28 139.8 3.00 15 .. 22 1290 
Gravel- 5.56 5.92 136.7 4.06 16.12 750 
Glass 5.56 5.92 136.7 4.06 16.12 750 
Limestone- 5.37 6.90 143.7 2.60 14.82 1331 
Sand 5.37 6.90 143.2 2.80 15.00 1222 
a Tested August 15 and 16, 1970 (3) 
















FIELD MARSHALL TEST RESULTS FOR PATCHING MIXTURESa 
Mix Aslhalt Contentb Unit Air VMA Stability Flow 
Ef ective Total Weight Voids (%) ( lbs. ) ( 0. 01- in.) 
( %) (%) (pcf) (%) 
All-Glass 5.39 5.50 139.9 3.19 15 .. 15 410 7 
5.39 5.50 137 .. 3 4.96 16.70 326 7 
5.39 5.50 137.1 5.13 16.87 326 8 
Limestone- 5.48 6.44 139.2 4.36 14.52 580 9 
Glass 5.48 6.44 137.8 5.31 17.27 490 10 
5.48 6.44 137.9 5.22 17.19 468 12 
Gravel- 5.50 6.24 138.9 3.64 15.75 1265 12 
Sand 5.50 6.24 139.1 3.51 15.64 1402 10 
5.50 6.24 139.5 3.21 15.37 1416 12 
Gravel- 5.57 5.82 136.0 4.48 16.49 968 11 
Glass 5.57 5.82 135.8 4.57 16.56 1223 10 
5.57 5.82 135.5 4.83 16.79 -- 8 
Limestone- 5.52 6.95 142.9 2.84 15.25 1575 10.5 
Sand 5.52 6.95 143.3 2.54 15.09 1720 10.5 
5.52 6.95 144.0 2.08 14.68 -- 7 
a Tested August 20 and 21, 1970 ( 3) 



















































































































































( . ) 
All- Limestone- Gravel- Gravel- Limestone-
Glass Glass Sand Glass Sand 
1.7 0.8 0.5 1.3 0.4 
2.5 0.8 0.9 2.0 0. 8 
2.0 0.6 0.6 1 .. 6 0.6 
1.3 0.9 1.1 1.1 0.4 
2.8 1.0 0.6 1.7 0.4 
1.6 0.9 0.6 1.4 0.6 
2.0 0.85 0.70 1.50 0.55 
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TABLE XIII 
ANALYSIS OF VARIANCE FOR LABORATORY COMPACTED SPECIMENS 
Treatment 
Replications 
1 Top Bottom 
2 Top Bottom 
3 Top Bottom 






2. Total Sum 
3. Plot total 
(COARSE SERIES) 
Glass Traprock Limestone Gravel 
1.9 1.1 1.0 1.4 
1.7 1.1 0.8 1.0 
-3":""6 2.2 1.8 2.4 
1.8 2.15 1.3 1.2 
1.4 1.80 1.5 1.3 
3.2 3.95 -2:"8 2.5 
1.35 1.65 0.95 1.1 
1.7 1.00 1.10 1.3 
3.05 2.65 2.05 2.4 
2.4 1.4 1.1 1.5 
1.2 1.2 1.0 1.0 
3.6 2.6 2.1 2.5 
13.45 11.4 8.75 9.8 
1.7 1.45 1.1 1.25 
Factor = 
(43.4) 2 
= 58.86 32 
of Squares = 63.16 - 58.86 = 4. 3 
Sum of Squares = (3.6) 2 + (2.2)
2 
+ ... 
+ (2.5) 2/2 - 58.86 








4. Sampling Error Sum of Squares = 4.3 - 2.84 = 1.46 
2 2 2 
Replicate Sum of the Squares = (10) + (12.45) + (10.15) 
+ (10.8) 2/4- 58.86 
5. 
= 0. 4 7 
TABLE XIII (cont.) 
ANALYSIS OF VARIANCE FOR I:.l':.BORA'I'ORY COMPACTED SPECIMENS 
(COARSE SERIES) 
6. Treatment Sum of Squares= (13.45) 2 + (11.4)2 + (8.75) 2 
+ (9.8) 2/4 - 58.86 
60.43 - 58.86 = 1.57 
7. Error Sum of Squares = 2.84 - 0.47 - 1.57 = 0.8 
Surrunary 


























ANALYSIS OF VARIANCE FOR LABORATORY COMPACTED SPECI!'1ENS 
(FINE SERIES) 
Treatment 
Glass Traprock Limestone Sand Row 
Totals Replications 
1 Top 0.8 0.6 0.4 0.8 Bottom 0.6 0.8 0.6 0.6 
1.4 1.4 1.0 1.4 5.20 
2 Top 1.2 0.6 0.6 
1.1 
Bottom 0.4 0.2 0.6 0.8 
1.6 0.8 1.2 1.9 5.50 
3 Top 1.3 
0.8 0.9 0.9 
Bottom 0.8 0.3 0.4 1.1 
2.1 1.1 1.3 2.0 6.50 
4 Top 1.2 
0.6 0. 8 0.7 
Bottom 0.9 0.2 0.6 1.0 
2.I 0.8 1.4 1.7 6.00 
Column 
Totals 7.2 4.1 4.9 7.0 23.2 
Mean 0.9 0.5 .60 .90 
Calculations 2 
1. Correction Factor = 
{23. 2) 
= 16.82 32 
2. Total Sum of Squares = 19.28 - 16.82 = 2.46 
3. Plot Total sum of squares = 36.34/2 - 16.82 -- 1.35 
4. Sampling Error Sum of Squares :::: 2.Lt6 - 1.35 = 1.11 
5. Replicate Sum of Squares = 16.9425 - 16.82 = 0.1225 
6. Treatment Sum of Squares = 17.7075 - 16.P.2 = 0.8875 
7. Error Sum of Squares = 1 .. 35 - 0.1225 - ().8875 = 0.34 
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TABLE XIV (cont.) 




































1 First Second 
2 Fir Sec 





ANALYSIS OF VARIANCE FOR WEAR TESTS ON FIELD PATCHES 
All- Limestone- Gravel- Gravel- Limestone-
Glass Glass Sand Glass sand 
1.7 0.8 0.5 1.3 0.4 
2.5 0.8 0.9 2.0 0.8 
-4.2 1.6 r.4 3.3 ---r:-2 
~. 0 0.6 O.E 1.6 0.6 
1. 3 0.9 1.1 1.1 0.4 
3.3 1.5 1.7 2.7 --r.o 
2.8 1.0 0.6 1.7 0.4 
1.6 0.9 0.6 1.4 0.6 
4.4 1.9 -r.r j.I 1.0 
11.9 5.00 4. 3 9. 1 3.2 









TABLE XV (cont.) 
ANALYSIS OF VARIANCE FOR WEAR TESTS ON FIELD PATCHES 
Calculations 
1. 
. ) 2 
Correction Factor= ( 3 ; 05 = 37.408 
2. Total Sum of Squares = 48.99 - 37.408 = 11.582 
3. Plot Total Sum of Squares= 93.83/2- 37.408 = 9.507 
4. Sampling Error Sum of Squares = 11.582 - 9.507 = 2.075 
5. Replicate Sum of Squares = 375.49/10 - 37.408 = 0.141 
6. Treatment Sum of Squares = 46.358 - 37.408 = 8.95 











































F = 0.8327/0.0889 = 
Glass-Limestone 
F = 1.3806/0.0889 = 
Glass-Traprock 






Glass Gravel Limestone Traprock 
+1 -1 0 0 
+1 0 -1 0 
+1 0 0 -1 
2 (13.45 - 9.8) /16 = 0.8327 
9.366 
(13.45 2 - 8.75) /16 = 1.3806 
15.53 







/16 = 0.2627 
a 






Glass-Traprock 3.0 5.12 No significant difference 
a One degree of freedom in numerator and nine degrees of 
freedom in denominator at 0.05 significance level. 
TABLE XVII 
SINGLE DEGREE OF FREEDOM. COMPARISONS 
{FINE SERIES) 
Comparison Coefficients 
Glass Sand Limeston·e 
Glass-Sand +1 -1 0 
Glass-Limestone +1 0 -1 
Glass-Traprock +1 0 0 
Calculations 
2 
Glass-Sand (7.2- 7.0) /16 = 0.0025 
F = 0.0025/0.038 = 0.066 
2 
Glass-Limestone (7.2 - 4.9) /16 = 0.33 
F = 0.33/0.038 = 8.7 
2 
Glass-Traprock {7.2 - 4 .1) /16 = 0.60 





















a One degree of freedom in numerator and nine degrees of 
freedom in denominator at 0.05 significance level. 
TABLE XVIII 


















F = 1.92/0.052 = 36.92 
Limestone.Glass-Lirnestone.Sand 
F = 0.27/0.052 = 5.19 
{FIELD PATCHES) 
Coefficients 
Limestone- Gravel- Gravel- -~-Limestone-
Glass Glass Sand Sand 
0 +1 -1 0 
+1 0 0 -1 
0 -1 0 0 
-1 0 0 0 
(9.1- 4.3} 2/12 = 1.92 




F = 0.6533/0.052 = 12.56 
All Glass-Limestone.Glass 











TABLE XVIII (cont.) 
SINGLE DEGREE OF FREEDOH COMPARISONS 
(FIELD PATCHES) 
2 (11.9 - 9.1) /12 = 0.6533 






















a One degree of freedom in numerator and eight degrees of freedom in the denominator at 

























ANALYSIS OF VARIANCE 
Weight loss data were analyzed with an analysis of 
variance technique (29). 
The procedure is as follows: 
1. Fill in the table with data to be analyzed. 
Treatment 
I II III IV Row 
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Replications Totals 
1 Top R 
Bottom 
----- ----- ----- ------
1 
2 Top R2 Bottom 
----- ----- ----- -----
3 Top R3 Bottom 
----- ----- ----- -----
4 Top R4 Bottom 
----- ----- ----- ------
Column Tl T2 'T1 T4 Grand 
Totals "'"3 Total 
2. Compute subtotals of each pa.ir of weight losses. 
3. compute row totals (R1 , R2 , R3 , etc.) by summing up the 
subtotals in each row. 
4. Compute column totals (T1 , T2 , etc.) by adding the 
subtotals in each column. 
5. Compute grand total. 
6. Calculate: 
a) Correction Factor 
observations. 
2 
= (Grand Total) /No. of 
b) Total Sum of Squares = (Sum of the Squares of each 
observation) - (Correction Factor) • 
c) Plot total Sum of Squares = (Sum of Squares of 




Sampling Error Sum of Squares = Total 
Squares - Plot Total Sum of Squares. 
Sum of 
2 2 Replicate Sum of Squares = (R1 + R2 + 
Treatment Sum of Squares 
x No. of treatments 
- Correction Factor. 
x No. of replications 
- Correction factor. 
g) Error Sum of Squares = Plot Total Sum of Squares 
P.eplicate S'L~ of Squares - Treatment Sum of Squares. 






















Degree of freedom for treatment and replicate equal the 
No. of treatment minus one and the No. of replicate 
minus one. Degree of freedom for error equals the 
product of the degrees of freedom of treatment and 
replicate. 
Values are calculated in Step 6. 
Value for each source obtained by dividing sum of squares 
for source by its degree of freedom. 
Value obtained by dividing treatment mean sauare by error 
mean square. 
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The F value which is calculated is compared with a 
tabulated F, the value of which is dependent upon the degree 
of freedom for the treatment and error terms and the level 
of significance chosen. If the calculated F is greater 
than the tabulated F, the hypothesis that the treatment 
means are equal is rejected or a significant difference 
among the means is indicated. 
Where a significant F value is calculated, single 
degree of freedom comparisons are made. For each comparison, 
a coefficient is assigned to each side of the comparison 
such that the sum of the coefficients equals zero. The 
coefficient is multiplied by the treatment total and the 
sum of the cross-products is squared. This number is 
divided by the sum of the square of the coefficients 
multiplied by the number of observations in each one of the 
totals. This quotient is the variance for that individual 
degree of freedom comparison. Dividing the quotient by the 
error mean square from the analysis of variance gives a 
calculated F which can be compared with a tabulated F with 
one degree of freedom in the numerator and the same degrees 
of freedom in the denominator as the error term. If F 
calculated is greater than the tabulated F value a significant 
difference for the means compared is indicated. 
APPENDIX D 
Angularity Test Procedure 
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ANGULARITY TEST 
A washed and dried sample of aggregate is sieved into 
four fractions as follows: material passing No. 4 and 
retained on No. 8 sieve, material passing No. 8 and 
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retained on No. 16 sieve, material passing No. 16 sieve and 
retained on No. 30, and material passing No. 30 and retained 
on No. 50. A sample of the aggregate (approximately 1500 g. 
in weight) is poured into a funnel (Fig. Dl) of specified 
size and shape until the material is heaped between 1 and 2 
in. above its top while a piece of metal is held against the 
bottom opening. The piece of metal is withdrawn in a 
horizontal movement and the material is permitted to flow 
into a cylinder of specified size with its top situated 1 in. 
below the funnel bottom. When the material overflows, flow 
into the cylinder is cut off. 
The material in the cylinder is then carefully struck 
off even with the top of the cylinder with a l-in. x 6-in. 
x 1/16-in. straightedoe. Extreme care should be taken during 
the strike-off operation to avoid any downward pressure on 
the aggregate or any jarring of the cylinder. Any material 
adhering to the outside of the cylinder is removed and the 
contents are weighed to the nearest 0.1 g. 
The aggregate in the cylinder is then thoroughly mixed 
with the excess in the funnel and two additional determin-
ations are made. An average of three determinations having 
maximum variation of 4 g. constitutes a test. 
The percent voids in each size are determined by the 
formula: 
Percent Voids w = 100 (1 - V X G) 
where W = Average weight of material in the cylinder. 
V = Volume of cylinder in. cu. em. and 
G = Bulk specific gravity (oven-dry) of the 
aggregate as determined by the applicable 
portions of ASTM C-127. 
The arithmetical average of the percent voids so 
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Fig. Dl. Apparatus for Testing Angularity 
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